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Accelerated recovery of single nephron function by the postischemic
infusion of ATP-MgCI2. This study was designed to investigate the
effects of ATP-MgCl2 when infused immediately 8 or 24 hr after 45 mm
of bilateral renal artery ischemia and to determine if an initial improve-
ment in clearance of inulin (C,,,) would be sustained throughout the
course of recovery. In addition, the influence of ATP-MgCI2 on the
pattern of recovery of whole kidney and single nephron function was
assessed by determining the impact of this agent on proximal tubular
pressure and transepithelial backleak. The postischemic administration
of ATP-MgC12 resulted in significantly enhanced recovery of C,,
irrespective of the time of the infusion after the initial insult. This
beneficial effect was sustained in that the ATP-MgCl2-treated rats had
significantly better C,,, 1, 3 and 7 days after the injury when compared to
normal saline-treated animals. Moreover, single nephron inulin clear-
ance (SNC,,,) was better preserved than whole kidney C,,, in both
groups of animals and in the ATP-MgC12-treated animals SNC,,, was
similar to control values even I day after the injury. The enhanced
recovery of single nephron function in the ATP-MgCl2-treated animals
resulted from reduced proximal tubular pressure and diminished back-
leak of tubular fluid. Animals given ATP-MgCl2 had better preservation
of cellular morphology. Horseradish peroxidase was excluded from
most epithelial cells and the interstitium in a manner similar to that seen
in control animals while saline-treated rats demonstrated backleak of
this tracer compound. Based on these studies, it appears that the
beneficial effect of ATP-MgCI2 occurs because of the preservation of
sublethally injured cells by augmentation of the process of recovery.
Récupération acélérée de Ia fonction nephronique individuelle par
perfusions d'ATP-MgCl2 après ischémie. Cette étude a été concue pour
préciser les effets de l'ATP-MgCl2 perfuse immédiatement, 8 ou 24 hr
après 45 mm d'ischémie d'origine artérielle rénale bilatérale, et pour
determiner si une amelioration initiale de Ia clarification de inulin (C,,,)
pourrait se maintenir tout au long de la période de rédupération. En
plus, l'influence de I'ATP-MgCI2 sur l'aspect de Ia récupération de Ia
fonction rénale globale et nephronique individuelle a été étudiée en
determinant l'effet de cet agent sur la pression tubulaire proximale, et
sur Ia rétro-diffusion transépithéliale. L'administration d'ATP-MgCl2
après ischémic a significativement stimulé Ia récupération de C,,,, quel
que soit le temps de perfusion après ischémie initiale. Cet effet
benefique s'est maintenu puisque les rats traités par l'ATP-MgCI2
avaient une C,,, significativement meilleure un, trois et Sept jours après
Ia lesion, par rapport aux animaux traités par le solute physiologique.
De plus, Ia clarification de inulin néphronique individuelle (SNC,,,) était
mieux préservée que Ia C,,, du rein entier dans les deux groupes
d'animaux, et chez les animaux traités par l'ATP-MgCI2, Ia SNC,,, était
identique aux valeurs contrôles, mCme un jour aprés I'ischémie. Cette
meilleure recuperation de Ia fonction néphronique individuelle chez les
animaux traités par ATP-MgCl2 était Ic résultat d'une diminution de Ia
pression tubulaire proximale et d'une diminution de Ia rétro-diffusion du
fluide tubulaire. Les animaux recevant de 1'ATP-MgCI2 avaient une
preservation meilleure de leur morphologic cellulaire et Ia peroxydase
de raifort était exclue de Ia plupart des cellules epithCliales et de
l'interstitium de facon identique a ce qui était vu chez les animaux
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contrôles, alors que les rats traités par du solute physiologique avaient
une rétro-diffusion de ce traceur. De ces etudes, ii apparait que I'effet
bénefique de l'ATP-MgCl2 se produit en raison de Ia preservation de
cellules lésées de facon sub-létale par augmentation des phénomenes de
récupération.
Previous studies from our laboratory have indicated that the
postischemic infusion of adenine nucleotides combined with
magnesium chloride will accelerate significantly the recovery
from an acute renal insult [1—3]. These studies demonstrated
that this agent will enhance the recovery of both glomerular and
tubular function as well as promote the preservation of cellular
morphology. The present study was designed to determine the
efficacy of a delayed infusion of ATP-MgC12, and whether or
not the initial salutary effect would be sustained. In addition,
the impact of a postischemic infusion of ATP-MgC12 on the
pattern of recovery of whole kidney and single nephron func-
tion as well as the influence of this agent on proximal tubular
pressure and transepithelial backleak were investigated.
Methods
Animal preparation. All experiments were performed on
male Sprague-Dawley rats weighing 200 to 280 g. In experimen-
tal animals, renal ischemia was induced as previously described
[1]: The animals were anesthetized with sodium pentobarbital,
50 mg/kg i.p. and placed on a heated animal board. A polyethyl-
ene catheter (PE-50) was secured in the left femoral vein and
both renal arteries were identified via a midline abdominal
incision. Three minutes after the administration of heparin (500
U/kg, i.v.), a vascular clamp was placed across the aorta
proximal to the origin of the left renal artery and a silastic sling
was looped around the right renal artery just distal to its origin
from the aorta. At the end of 45 mm of ischemia, both the clamp
and sling were removed. The postischemic infusions (volume
0.5 cc) consisted of either normal saline or ATP-MgCl2 (25
p.moles each). Control animals were sham-operated. After
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preparation, all animals were returned to their cages, allowed
free access to food and water, and studied as indicated below.
Whole kidney inulin clearance (WKC,1). Whole kidney inulin
clearance was measured using 3H-methoxy-inulin. The animals
were anesthetized with mactin (80 mg/kg i.p.), placed on a
heated animal board to maintain a body temperature between
36.5 and 37.5 C°, and tracheotomized; polyethylene catheters
(PE-50) were secured into the external jugular vein and bladder.
After replacement of surgical losses with isotonic saline (2 to
3% body wt), a priming dose of 10 p.Ci of 3H-methoxy-inulin
(New England Nuclear Co., Boston, Massachusetts) was given
and followed by a sustaining infusion of 10 p.Ci/hr in a volume of
1.2 ml. After a 45-mm equilibration period, inulin clearance was
determined by the average of three 10-mm urine collections.
Blood samples were obtained from the tail at the midpoint of
each urine collection. The concentration of 3H-methoxy-inulin
was determined using a liquid scintillation counter, and the
inulin clearance was calculated using standard formulae [4].
Superficial single nephron inulin clearance (SNCI). Stan-
dard micropuncture techniques were utilized [5]. The left
kidney was exposed through a flank incision, dissected free of
perirenal fat with the capsule remaining intact, and then placed
in a standard cup (Lucite®). After replacement of surgical fluid
losses (2 to 3% of body wt), a priming dose of 100 p.Ci 3H-inulin
was given, and a maintaining solution of 100 p.Ci/hr was
infused. After 1 hr of equilibration, a glass pipette (10-li.
diameter), which was filled with stained mineral oil, was
inserted into the early proximal tubule and a column of oil (2 to
3 tubular diameters) was injected. Tubular fluid was collected
under free flow conditions for 4 mm, and a blood sample was
obtained from the tail at the completion of each collection
period. The concentration of 3H-methoxy-inulin in the samples
of tubular fluid and plasma were determined in a liquid scintilla-
tion counter, and SNC was calculated using standard
formulae.
Proximal tubular pressure (PTP). The left kidney with the
capsule intact was placed in a cup (Lucite®) and pipettes (4- to
5-p. diameter), which had been filled with 5% lissamine green,
were inserted into early proximal tubules. Pressure was record-
ed using a servo-nulling device [5].
Morphologic studies. Horseradish peroxidase (40,000 dal-
tons; Sigma Chemical Co., St. Louis, Missouri), dissolved in
the mammalian ringer's (3 mg/mi) was infused intravenously
over a 5-mm period to deliver 1 ml of solution per 100 g of body
wt. After 5 mm, the kidneys were fixed by retrograde perfusion
with a modified Karnovsky's fixative containing 4% parafor-
maldehyde, 5% gluteraldehyde diluted in a 1:3 ratio with 0.1 M
sodium cacodylate buffer. Osmolality was adjusted by the
addition of 0.1 M sucrose and 3% dextran T-40. Kidneys were
removed, and a sagittal section was immersed in fixative for 1
hr at 4°C. Blocks of tissue were then embedded in 7% agar and
chopped into 40-p. thick sections using a Smith-Farquar tissue
chopper. The chopped tissue was washed repeatedly with 0.1 M
sodium cacodylate buffer containing 0.1 M sucrose followed by
repeated washing in 0.05 Tris-hydrochioric acid buffer pH 7.5.
The tissue was then placed in substrate containing 5 mg 3,3
diaminobenzidine tetrahydrochloride in 10 ml of 0.05 M Tris
buffer with 0.01% hydrogen peroxide. After repeated washings
in buffer solution, the tissue was postfixed with s-collidine-
buffered 1.33% osmium tetroxide, washed in 0.1 M s-collidine
buffer and graded ethanols, and embedded in Epon. Semi-thin
and ultra-thin sections were obtained on an LKB ultratome III.
Unstained ultra-thin sections were examined using a Zeiss
EM lOB electron microscope.
Specific studies. To investigate the effectiveness of a delayed
infusion of ATP-MgCl2, animals were subjected to 45 mm of
bilateral renal artery ischemia and then given either normal
saline or 25 p.moles of ATP-MgCl2. The postischemic infusions
were administered either immediately (N = 20), at 8 hr (N = 22)
or 24 hr (N = 20) after the initial renal insult. At each time
interval, approximately one-half the group was given normal
saline and the other half ATP-MgCI2. Whole kidney inulin
clearance was determined 48 hr after the ischemic injury.
To determine if the initial salutary effect of ATP-MgCl2 would
be sustained, animals were subjected to 45 mm of bilateral renal
artery ischemia and an immediate postischemic infusion of
either normal saline or 25 p.moles of ATP-MgCI2 was then
infused. To evaluate the pattern of recovery, WKC, SNC1,
and proximal tubular pressure were determined 1, 3, 7 and 10
days following the initial renal insult. The number of animals
studied and the number of individual micropressure determina-
tions at each time interval are given in Table 1,
Microinjection studies. To determine the effect of ATP-
MgC12 on tubular backleak, 3H-methoxy-inulin was microin-
jected into sham-operated control animals (N = 8) and experi-
mental animals 24 hr after administration of either normal saline
(N = 10) or ATP-MgCl2 (N = 8). Tubules were selected for
microinjection randomly without a conscious attempt to select
nephrons by degree of injury. Using a standard micropuncture
set-up with the capsule of the left kidney intact, 3H-methoxy-
inuiin was microinjected into early proximal convolutions from
pipettes which had been marked to deliver approximately 30 nI.
To calibrate each individual pipette, a solution containing 0.2
mg/mi of lissamine green and 50 p.Ci of 3H-methoxy-inuiin was
drawn up to the mark and transferred directly into a liquid
scintillation vial containing 3 ml of Aquasoi (New England
Nuclear Co.). This process was repeated at least twice for each
pipette. Using the same pipette, a sample was drawn up to the
precalibration mark and then injected into randomly chosen
early proximal convolutions over a 3-mm period. Injections in
which the dye solution was noted to leak around the pipette tip
were eliminated. To insure adequate urine flow, animals were
infused with 5% mannitol in normal saline at a rate of 4.6 mi/hr.
Urine was collected from the left ureter directly into a liquid
scintillation vial for 10 mm prior to and then for three 10-mm
periods during and after the microinjection. The urine samples
and the calibration samples were counted for 100 mm in a liquid
scintillation counter. After correction for background counts,
the percent of inuiin recovered from the left ureter in 30 mm
was calculated as: Percent of recovery equals total counts from
left ureter/total counts injected.
Paired single nephron inulin clearance. Single nephron inulin
clearance was determined from a proximal and distal convolu-
tion within the same nephron of sham-operated control animals
(N = 6) and in experimental animals treated with either normal
saline (N = 12) or ATP-MgCl2 (N = 11). In these studies, the
animals were prepared for measurement of SNC as previously
described except that the maintenance solution consisted of 100
p.Ci 3H-methoxy-inulin in 5% mannitol given at a rate of 4.6 ml/
hr. After 1 hr of equilibration, random early distal convolutions
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Table 1. Pattern of recovery from ischemic renal insult
were identified by lissamine green transit time. A "finding
pipette" (3-ia. diameter), filled with lissamine green, was insert-
ed in nearby proximal convolutions to determine the proximal
portion of the identified distal tubule. Once the proximal
convolution was determined, the finding pipette was left in
place and a second pipette (7-p. diameter), filled with stained
mineral oil, was inserted into the distal convolution and SNC1
was measured as described above. Immediately following the
completion of the distal collections, a third pipette (lO-p.
diameter) was placed into the proximal portion of the same
nephron and SNC was measured. The volume of tubular fluid
from both the proximal and distal site was determined in a
calibrated pipette and then counted in a liquid scintillation
counter. The site of puncture was confirmed by the determina-
tion of TF/P inulin which was 2.2 0.2 at the proximal site and
7.6 1.7 at the distal site. Utilizing this technique, only
nephrons which are not obstructed between proximal and distal
convolutions would be identified.
Morphologic characteristics. The morphologic characteris-
tics of the tubular epithelium were studied after the intravenous
infusion of horseradish peroxidase in sham-operated control
animals (N = 4) and in experimental animals 24 hr after a 45-mm
ischemic injury and treatment with either normal saline (N —6)
or ATP-MgCI2 (N = 6). Specimens were coded and then
processed and examined without knowledge of type of injury or
treatment. The degree of injury was evaluated independently in
electron micrographs by two observers.
Where applicable, comparison of groups was made using
Student's t test or analysis of variance. All values are given as
the mean SEM for animals in each group.
Results
Effectiveness of delayed infusion (Fig. 1). Irrespective of the
time of infusion after the ischemic renal injury, the animals
given ATP-MgCl2 had inulin clearances which were significant-
ly greater than (P < 0.01) the saline-treated rats. Forty-eight
hours after the ischemic insult, the normal saline-treated ani-
mals had WKC1 of 377.2 49.3, 373.3 31.9 and 410.1 37.3
p.l/min/I00 g body wt when the infusion was given immediately,
8 or 24 hr after the renal ischemia. Whereas, the ATP-MgCI2-
treated rats had WKC1 of 660.6 60, 677.2 19.5 and 692.2
Time of infusion after iniury
Fig. 1. Animals given ATP-MgCI2 with significantly better recovery of
WKC1r, regardless of the time of infusion after 45 mm of bilateral renal
artery occlusion. Inulin clearance was measured 48 hr after the isch-
emic injury in each group. Bars represent mean ÷ SEM.
23.9 p.l/min/l00 g body wt when the infusion was delayed for the
same time periods.
Pattern of recovery of whole kidney and single nephron
function (Table 1, Figs. 2 and 3). This series of studies
demonstrated several important findings. First, the initial salu-
tary effect of a postischemic infusion of ATP-MgCI2 was
sustained when animals were studied throughout the course of
recovery from a renal injury: The normal saline-treated animals
required 10 days to achieve full recovery of WKC1 with a
modest improvement in function on days 3 (659.9 50.2) and 7
(823.9 65.1). In contrast, the ATP-MgCI2-treated animals had
achieved 75% recovery of WKC (807.5 34.3) on day 3 and
by day 7 WKC reached control values (1040.6 41.8).
Secondly, on days 1, 3, and 7 after the initial injury, the
percent recovery of superficial single nephron function was
greater than that of whole kidney function whether the animals
Time after
renal injury
Day I
Day 3
Day 7
Day 10
Postischemic
treatment
Control
Normal saline
ATP-MgCI2
Normal saline
ATP-MgCI2
Normal saline
ATP-MgCI2
Normal saline
ATP-MgCI2
Whole kidney
inulin clearance
No. of (WKC)
animals jJ/,ninIIUU g BW
8 1053.4 51.4
13 286.1 28.l
10 544.4 493a
8 659.9 50.2a
9 807.5 343ud
11 823.9 65.l
8 1040.6 41.8'
8 1060.3 40.2
6 994.9 26.3
Number of Single nephron Proximal tubular
micropuncture inulin clearance hydrostatic pressure
determination tSNC) ni/mm (PTP) mm Hg
20
32
17
13
13
15
12
13
15
All values are mean + SEM.
a p < 0.01 compared to control group.
P < 0.05 compared to control group.
P < 0.01 compared to normal saline group.
P < 0.05 compared to normal saline group.
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Days after injury
Fig. 2. A comparison of the time course of recovery of whole kidney
(WK) and superficial single nephron function (SN) ofter 45 mm of
bilateral renal ischemia. WKCI returns to control values more prompt-
ly in ATP-MgCI2-treated rats. SNC1 is better preserved than
WKC,,, in both groups of animals, and SNC,, is not reduced below
control values in ATP-MgCl2-treated animals. Absolute values (mean
sEM) are given for each group at each study interval in Table 1.
had been treated with normal saline or ATP-MgC12 (Fig. 2).
Moreover, by day 3, SNC1 returned to control levels in both
groups of experimental animals while WKC, remained signifi-
cantly reduced.
Thirdly, one day after the ischemic injury, animals treated
with ATP-MgCI2 had full recovery of SNC1 (38.6 5.9 nl/min)
whereas SNC1 remained significantly reduced (22.6 3.1 nIl
mm, P < 0.01) in saline-treated rats (Table 1 and Fig. 2).
Lastly, in animals studied I day after the ischemic injury (Fig.
3), proximal tubular pressure (PTP) was elevated markedly (P
<0.01) in the saline-treated rats (24.4 1.1 mm Hg) but was
elevated only modestly (16.9 0.5 mm Hg) in the ATP-MgCI2
animals. At all other time intervals (Table 1), PTP was quite
similar in both groups of experimental animals and not signifi-
cantly different from control values.
Microinjection studies (Fig. 4). To assess the impact of ATP-
MgCI2 on tubular backleak, inulin was microinjected into
surface tubules of the left kidney 24 hr after a 45-mm ischemic
insult. In sham-operated control animals, inulin recovery from
the left ureter ranged from 84 to 105% with a mean value of 98.2
0.7%. In the normal saline-treated experimental animals,
there was a wide range of inulin recovery from 10 to 100% with
a mean value of 72.5 6.8%. In comparison, the recovery of
inulin in ATP-MgC12-treated animals was considerably better (P
<0.01) with 100% of microinjected inulin recovered from more
than half of these tubules. The mean percent inulin recovery in
this group was 92.1 2.7%.
Paired single nephron mu/in clearance (Fig. 5). To further
define the influence of ATP-MgC12 on tubular permeability to
inulin, SNC1 was measured from a proximal and distal convo-
lution within the same nephron. In control animals, there was
no significant difference between SNC, measured at the proxi-
mal or distal site within the same nephron (SNCI = 1.9 2.2
nl/min). In the normal saline-treated experimental animals,
there was a significant decrease in SNC1 (SNCI = 8.5 2.4
nI/mm) between proximal and distal collections. In contrast,
there was no significant change in SNC1 in the ATP-MgC12-
treated experimental animals (SNCI 2.3 2.7 nl/min).
• Individual measurements
+ Mean SEM
I I — I
Morphologic studies (Fig. 6). In sham-operated animals
ultrastructural studies revealed normal architecture of all tubu-
lar segments. Horseradish peroxidase was seen only in small
subapical vacuoles of proximal tubular epithelium. No signifi-
cant reaction product was present along the basement mem-
brane or interstitium.
In experimental animals treated with normal saline, ischemic
changes were present in various segments of the nephron. In
the Sl and S2 segments there were increased numbers of
lysosomes and numerous large and small membrane vesicles in
the apical cytoplasm. The brush border appeared generally
intact but was stained with reaction product which was also
seen in subapical vesicles, but cytoplasmic staining was not
noted. In the S3 segment, some cells were completely necrotic
with loss of cytoplasmic architecture and focal denudation of
the basement membrane. Less severe ischemic damage was
present in other cells which had only loss of the brush border
and blebbing of the apical cytoplasm. Some cells had an intact
brush border with prominent apical vesicles and profiles of
smooth endoplasmic reticulum. Some of these S3 cells demon-
strated staining of the cytoplasm by reaction product. Other
cells were relatively well preserved with only variable mito-
chondrial changes such as condensation of the mitochrondrial
cristae with increased number of mitochondrial dense bodies,
dilatation of the endoplasmic reticulum and dilatation of the
intercellular spaces. Reaction product could be seen staining
the basement membrane and in the interstitium in areas of more
severe epithelial damage.
In contrast, the severity of the tubular epithelial lesions in
ATP-MgCl2-treated animals was much less marked. In the Sl
and S2 segments of these animals, cytologic architecture was
well preserved although increased numbers of lysosomes were
present. Reaction product could be seen in subapical vacuoles
but the number and size of these vacuoles was not significantly
different from those seen in the sham-operated animals. In the
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Control Normal saline ATP-MgCI2(N20) (N=32) (N=17)
Fig. 3. Proximal tubular pressures obtained 24 hr after the 45-mm
ischemic insult. Treatment with ATP-MgCl2 resulted in a lower mean
PTP with fewer measurements elevated outside the range of control
values as compared to normal saline-treated rats.
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• Individual injections
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Control Normal saline ATP-MgCl2(N=12) (N= 18) (N= 15)
Fig. 4. Percent of inulin recovered from the ipsilateral (left) kidney after
microinjection into a proximal convolution. Measurements were done
24 hr after the 45-mm ischemic insult and demonstrate significantly
better recovery of inulin in animals given ATP-MgCI2 as compared to
the rats infused with normal saline.
Recovery from ischemic renal injury 17
S3 segment there were increased numbers of subapical vacuoles
and lysosomes. Only rare cells showed persistent loss of the
brush border, bleb formation or marked cellular swelling.
Reaction product was seen only in subapical vacuoles. Base-
ment membrane and interstitial staining was not present.
Alterations in the distal nephron were not as marked in either
group. Isolated cell necrosis and backleak represented by
cytoplasmic staining with reaction product was seen only in
saline-treated animals. The glomeruli showed no alteration, the
foot processes were well preserved, and foot process and slit
pore widths were equal in all animals.
Discussion
Our previous studies have established clearly the beneficial
effect of a postischemic infusion of adenine nucleotides com-
bined with magnesium chloride [1—21. In each of these studies,
the therapeutic agent was given immediately after the ischemic
insult. Since the cellular damage from an ischemic injury is not
limited to the period of vascular occlusion, we could not
determine whether the infusions of ATP-MgC12 acted to limit
the severity of the initial insult or served to augment the process
of recovery. In fact, investigations by Reimer, Ganote and
Jennings [61, Glaumann et a! and Glaumann and Trump [7, 8],
and Venkatatchalem et a! [9] provide evidence that tubular
damage following an ischemic insult continues to occur during
the first 8 to 24 hr after reflow has been established. Thus, by
delaying the infusion of the ATP-MgC12 for 8 or 24 hr, this agent
would be given at the peak of the renal injury when cellular
damage would have been expected to be fully manifest. In the
present study, the animals given ATP-MgCl2 either immediate-
ly, 8 or 24 hr after the ischemic interval all had significantly
better WKC, than the normal saline-treated rats. This finding
suggests that the ATP-MgCl2 acts to enhance the mechanisms
of recovery rather than simply to limit the severity of the initial
injury reaction.
This mode of action of the ATP-MgC12 is also supported by
the observation that this initial salutary effect was sustained
when animals were studied 1, 3, 7, and 10 days following the
initial renal insult. At each time interval the rats given ATP-
MgCI2 had significantly better recovery of WKC1 than the
saline-treated animals. Moreover, the ATP-MgCl2-treated ani-
mals had a more prompt return of WKC15 to control levels.
Based on these findings it seems most likely that the beneficial
effects of ATP-MgC12 are related to an augmentation and
enhancement of those cellular mechanisms which result in
repair and recovery from an ischemic insult. At each time
interval after the initial insult, we noted that the percent
recovery of superficial single nephron function was greater than
whole kidney function. This discrepancy between recovery of
SNC15 and WKC15 was evident in both ATP-MgCI2-treated
animals as well as the rats given normal saline. A differential
rate of recovery between superficial nephrons and whole kid-
ney function has been observed by several investigators [10—
12]. Both intratubular obstruction and backleak of tubular fluid
have been proposed as explanations for this observation [9—20].
In the present study, intratubular hydrostatic pressure was only
moderately elevated in the ATP-MgCl2-treated animals in com-
parison to the rats given saline in which evidence for intratubu-
lar obstruction was consistent with that reported by other
investigators [Il, 15—18]. Thus, it would appear that postische-
mic infusion of ATP-MgC12 reduced the number of tubules
which were obstructed and, thereby, resulted in a significantly
lower mean intratubular hydrostatic pressure.
To assess the impact of ATP-MgCI2 on the backleak of
tubular fluid, three techniques were used. When inulin was
microinjected into surface tubules, the percent of inulin recov-
ered from the ipsilateral ureter was considerably better in the
animals given ATP-MgCI2 compared to the saline-treated rats.
Because the contralateral kidney had also been subjected to an
ischemic injury, collection of inulin from the contralateral
kidney could not be used to ascertain the completeness of the
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Fig. 5. SNC, was measured from a proximal and distal convolution
within the same nephron 24 hr after a 45-mm ischemic renal insult. Only
the normal saline-treated rats had a significant fall in SNCC, suggesting
that the tubular epithelium was more permeable to inulin in this group.
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Fig. 6. A A semi-thin Section of kidney from a saline-treated animal, There is a marked vacuolization of the proximal tubular epithelial cells.
Horseradish peroxidase can be seen staining the cytoplasm of cells in proximal and distal tubules (arrows). (Toluidine blue 450x) B Semi-thin
section o,f kidney from ATP-MgCl2-treated animal. Florseradish peroxidase can be seen staining the brush border and in subapical vacuoles.
Vacuolization of the cells is not present and no staining of the cytoplasm with peroxidase is seen. (Toluidine blue 450x) C Electron micrograph of
the S3 segment of a saline-treated animal. There is marked vacuolization of the cytoplasm of the epithelial cells. The brush border of the cell on the
left is generally intact while apical blebbing is seen in the adjacent cell. (7,000x) D Electron rnicrograph of the 53 segment of a saline-treated
animal. There is focal loss of the brush border and numerous subapical vacuoles. Some of the vacuoles contain cell processes and microvilli. The
number of lysosomes has also increased. (8,000x).
collection procedure. The improved recovery of inulin in the treated rats. Because it has been proposed that a major site of
ATP-MgC12-treated animals would be compatible, therefore, cellular damage occurs in the straight segment of the proximal
with either diminished backleak or reduced sequestration of tubule [8, 9j, SNC1 was measured from a proximal and distal
microinjected inulin in obstructed tubules. This latter possibili- convolution within the same nephron. The effect of intratubular
ty would be supported by the lower intratubular hydrostatic obstruction would be minimized and a potential role of backleak
pressure which had been documented in the ATP-MgCl2- of inulin could be defined more clearly. The animals given ATP-
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Fig. 6. E Electron micrograph of the cortical collecting duct of a saline-treated animal. Horseradish peroxidase is present throughout the
cytoplasm of one cell but is excluded from the cytoplasm of the adjacent cells. There is also staining of the adjacent basement membrane. (6,500x)
F Electron micrograph of the S3 segment of an ATP-MgCl2 animal. Cytologic architecture is well preserved. The brush border is intact.
Horseradish peroxidase is present only in small subapical vacuoles. (7,000x).
MgCI2 demonstrated little evidence of backleak because SNC1
from proximal and distal sites were not significantly different.
In contrast, the saline-treated animals had a significant fall in
SNC1 between proximal and distal collections suggesting that a
loss of filtered inulin had occurred. Alternatively, one could
account for the difference in SNC1 at the proximal and distal
site in the saline-treated rats based on activation of the tubulo-
glomerular feedback mechanism [12]. This possibility seems
unlikely because a similar magnitude of the fall in SNC was
not observed in control or ATP-MgCI2-treated animals. The
finding that tubular segments beyond the late proximal tubule
are abnormally permeable to inulin in saline-treated rats is
compatible with the morphologic observation that cellular dam-
age in a major site occurs in the straight segment of the proximal
tubule [8, 9]. From both the microinjection and paired SNC
studies, it would appear that a postischemic infusion of ATP-
MgC12 will reduce the degree of tubular permeability and
backleak which occurs after an ischemic renal insult.
To further assess the integrity of the tubular epithelium,
horseradish peroxidase was infused. Once again, the animals
given ATP-MgCl2 demonstrated better preservation of cellular
morphology. The horseradish peroxidase was excluded from
most tubular epithelial cells and the interstitium in a manner
similar to that seen in control animals. In the saline-treated rats,
backleak of this tracer was demonstrated by staining the
cytoplasm of tubular cells and the presence of reaction product
on the basement membrane.
In conclusion, this study provides observations on the mode
of action of adenine nucleotides-MgC12 in ameliorating an
ischemic renal insult. The results demonstrate that (I) the
postischemic infusion of ATP-MgCI2 acts to augment the proc-
ess of recovery rather than simply to modify the severity of the
initial insult; (2) the initial beneficial effect is sustained and
results in a more prompt return to normal function; (3) the
amount of intratubular obstruction is reduced and the degree of
backleak of tubular fluid is diminished when ATP-MgC12 is
administered after an ischemic renal injury. Because both
intratubular obstruction and tubular backleak are thought to
result from cellular necrosis secondary to the ischemic insult [9,
14], it seems likely that the beneficial effect of the adenine
nucleotide-MgC12 can be attributed to the preservation of
sublethally injured cells and an augmentation of the cellular and
metabolic processes of repair and recovery following an isch-
emic renal injury.
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